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ABSTRACT 

The s u i t a b i l i t y  of T-111 (Ta-8W-2Hf) clad uranium mononitride (UN) f u e l  

cat ion of f u e l  pins are  described. Out-of-pile compatibil i ty t e s t i n g  indicates  
t h a t  a t  1040°C a 0.013 cm (0.005 inch) th ick  t w g s t e p  b a r r i e r  is  required between 
the  f u e l  and cladding; UN with < 300 ppm of oxygen is  compatible with lithium; 
no corrosion of T-111 was observed a f t e r  7500 hours i n  a pumped-lithium loop. An 
i r r ad ia t ion  program on f u e l  pins and cladding materials i s  a l so  described. 

I for a lithium-cooled space power reactor  concept i s  examined. Methods f o r  fabr i -  
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SUMMARY 

A compact, l iqu id  metal cooled, f a s t  reactor  concept i s  being investigated 
a t  the IUSA-Lewis  Research Center. This paper describes selected par t s  of the  
materials technology program f o r  t h i s  concept. The emphasis i s  on uranium 
mononitride (UN) as  t he  nuclear fuel ,  T-111 (Ta-8W-2Hf) a l loy  f o r  f u e l  pin cladding 
and reactor  s t ruc tu ra l  components, and l i thium as t h e  coolant. Also, under study 
axe a l t e rna te  f u e l  and cladding materials, r e f l e c t o r  materials’, and r e f r a c t p y  
carbides and n i t r i d e s  f o r  bearing materials.  

Fabricat  ion methods have been developed f o r  routine preparation of high 
pu r i ty  UN fue l  forms, f o r  applying tungsten l i n e r s  t o  the  inside w a l l  of T-111 
tubing used f o r  f u e l  pin cladding, and f o r  assembly of f u e l  pins. 
methods are under development. 

Inspection 

Compatibility and corrosion s tudies  performed a t  10kO°C with isothermal 
capsules and with a pumped-lithium loop show: react ion of UN i n  d i r ec t  contact with 
T-111 but no react ion when these materials a re  separated by a 0.013 cm tungsten 
bar r ie r ;  compatibil i ty of UN with l i t h ium provided the  oxygen impurity content of 
UN i s  low ( l e s s  than 300 ppm); and no s igni f icant  corrosion of T-111 or of TZM i n  
a pumped-lithium loop for times up t o  7500 hours. 

A f u e l  pin i r r ad ia t ion  program t o  invest igate  f i s s i o n  gas release, materials 
compatibil i ty under i r rad ia t ion ,  and fuel pin dimensional s t a b i l i t y  a re  b r i e f l y  
described. 
work i s  being done with UO and Cb-1Zr. 
(about 1 a/o), it appears ghat f i s s i o n  gas re lease is  very low ( 5  l$), and t h a t  
there  are no irradiation-induced compatibil i ty problems. 

Most of t h i s  program i s  on UN clad with tungsten-lined T-111, but some 
So far, f o r  UN pins a t  low burnup leve ls  

Ope25f the  greate2t unknowns i s  the  e f f ec t  of fast  neutron fluences t o  about 
(E > 0.82 MeV) on the  d u c t i l i t y  and swelling of po ten t ia l  1 .2  x 10 

s t r u c t u r a l  materials.  Capsules incorporating specimens Qf various re f rac tory  
al loys immersed i n  l i thium a re  being fabricated f o r  i r r ad ia t ion  t e s t s  of t h i s  
e f fec t .  

neutrons/cm 
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INTRODUCTION 

A compact, liquid-metal cooled, fast spectrum reactor  concept f o r  space 
power applications i s  being investigated a t  the  NASA-Lewis Research Center. 
invest igat ion is  concentrated on a reference reactor  design concept with a 
reactor  power l e v e l  of 2.2 Mw (thermal), a coolant ou t l e t  temperature of 95OoC, 
and an operating l i f e  of 50,000 hours. The study is intended t o  e s t ab l i sh  feasi- 
b i l i t y  of a reactor  design concept and includes the  development of necessary long 
lead-time technology and t e s t i n g  of c r i t i c a l  components. 
a group of th ree  reports describing the overa l l  e f f o r t .  
design i s  described i n  Reference 1, and Reference 2 discusses the  nuclear design 
and associated c r i t i c a l  experiments. The materials technology and f u e l  pin tes t  
programs are discussed i n  t h i s  report .  

The 

s 

This report  is one of 
The conceptual reactor  

The materials which have been selected f o r  intensive study a re :  uranium 

Uranium mono- 
mononitride (UN) as  t he  nuclear fuel ,  T-111 (Ta-8W-2Hf) a l loy  f o r  f u e l  pin cladding 
and reactor  s t ruc tu ra l  components, and l i thium as the  coolant. 
n i t r i d e  ( f u l l y  enriched with the isotope U-235) w a s  selected because of i t s  
high uranium density, high thermal conductivity, t he  poss ib i l i t y  of low f i ss ion-  
induced swelling ( r e f .  3), and compatibil i ty with lithium. 
duct i le ,  read i ly  fabricated,  and has good high temperature creep s t rength f o r  
application as  f u e l  pin cladding. Lithium i s  a t t r a c t i v e  as the  coolant because 
of i t s  r e l a t i v e l y  low vapor pressure, good heat t r ans fe r  and f l u i d  flow character- 
i s t i c s ,  and low density.  The l i thium isotope, lithium-7, must be used because 
of an undesirable neutron absorption resoname of the  l e s s  common lithium-6. Also 
under study are: 
and re f rac tory  carbides or n i t r i d e s  as t he  bearing material  f o r  a ro t a t ing  drum 
control  concept. 
t o  a l e s se r  extent .  uranium dioxide (U02) as t he  nuclear fue l ;  
other  re f rac tory  metal a l loys such as Cb-lZr, ~ ~ ~ r n - 8 1 1 ~  (Ta-8W-1Re-0.7 H f  -O.O35C) ,  
and W-25Re f o r  fuel pin cladding; sodium as  the  coolant; and B C and TaB 
t e n t i a l  control  rod materials.  
discussed i n  t h i s  report .  

The T-111 a l loy  is  

TZM (Mo-O.5Ti-0.08Zr-O.02C) f o r  t he  r e f l e c t o r  and control  drums 

Some materials f o r  a l t e rna te  reactor  concepts a re  being studied 
These include: 

as PO- 
The control  rod materials and sodium w i d  not be 4 

The high temperature and long operating l i f e  goals put exacting demands on 
the  materials of construction. The most serious poten t ia l  problems probably a re  
associated with the f u e l  pins.  The f u e l  pin for t he  reference reac tor  design concept 
( f i g .  1) i s  1.9 crns (0.75 inch) i n  outside d iameter  and approximately 43 crns (1.7 
inches) long with a f u e l  column length of approximately 38 crns (15 inches). The 
T-111 cladding i s  0.15 cm (0.058 inch) thick.  
promote heat  t r ans fe r  across t h e  gap between the  f u e l  and cladding. 
(0.002 inch) r a d i a l  gap i s  necessary t o  allow su f f i c i en t  clearances f o r  assembly 
of t he  fuel  pin.  The tungsten l i n e r  between the  UN and T-111 is  0.013 cm (0.005 
inch) thick.  
T-111 as w i l l  be discussed la te r  i n  t h i s  report .  
atom percent uranium are expected and a one percent diametral creep s t r a i n  l i m i t  has 

The f u e l  pin contains helium t o  
” This 0.005 cm 

e. 

This l i n e r  is  needed t o  prevent chemical react ion of the  UN and 
Fuel burnups up t o  about four  
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2 been imposed on the  cladding. 
(E > 0.82 Mev) i s  expected i n  the cladding. 

A fluence of about 1 .2  x neutrons/cm 

I n i t i a l l y ,  it was considered t h a t  major poten t ia l  problems with t h i s  type of 
f u e l  pin may a r i s e  i n  development of su i tab le  fabr ica t ion  yethods from chemical 
reactions of f u e l  and cladding, from l iqu id  metal corrosion, from fission-induced 
f u e l  swelling, and from de ter iora t ion  of the properties of the cladding through 

extent and e f f ec t  of these problem areas .  The major purpose of t h i s  report  i s  t o  
review the present s t a tus  of knowledge concerning these poten t ia l  problems and t o  
ident i fy  the  current major unknowns. 

* 

' i r r ad ia t ion  damage. Therefore, work has been concentrated on determining the  

FABRICATION PROCESS DEVELOPMENT 

To fabr ica te  f u e l  pins it is  necessary t o  s e l e c t  or develop su i tab le  methods 
f o r  preparation of the UN f u e l  forms, f o r  fabr ica t ion  of the T-111 cladding and 
f u e l  pin end caps, f o r  application of tungsten l i n e r s  t o  the inside diameter of 
the T-111, f o r  assembly of the  f u e l  pin, and f ina l ly ,  f o r  inspection of the complete 
f u e l  pin. 

Uranium Mononitride Fuel 

Uranium mononitride i s  a r e l a t ive ly  new f u e l  mater ia l  compared t o  uranium diox2de. 
A t  the  outset  of t h i s  program, it was not c l ea r  how t o  rout inely make UN f u e l  forms 
of high purity,  s ingle  phase, close dimensional tolerances, and f r ee  from cracks 
and chips. Since tha t  time, UN f u e l  forms have been prepared by two d i f f e ren t  
methods a t  the  Oak Ridge National Laboratory (working under NASA sponsorship). 
of these methods u t i l i zed  powder hyperstoichiometric i n  nitrogen prepared by a 
hydriding-dehydriding-nitriding sequence on uranium metal. One method involved 
die  pressing of the  powder with a binder and subsequent vacuum outgassing and 
s in te r ing .  The other method consisted of cold i s o s t a t i c  pressing of the  powder 
without a binder followed by vacuum out-gassing and s in te r ing .  The l a t t e r  method 
is  preferred because it consis tent ly  yields  TJN f u e l  forms of high pur i ty  (approxi- 
mately 300 ppm oxygen compared t o  approximately 2000 ppm f o r  t he  die-pressed 
mater ia l ) .  
and are f r ee  of cracks and chips. 
i n  References 4 and 5,) 

Both 

Also, the  f u e l  forms can be made with a greater  length-to-diameter r a t i o  
(The fabr ica t ion  methods a re  described i n  d e t a i l  

Examples of some of the  specimens are  shown i n  Figure 2. The l a rge r  of these 
is  3.8 ems (1.5 inches) long and 1.6 cms (0.62 inch) i n  diameter with a 0.5 cm 
(0.2 inch) diameter ax ia l  hole. 
concept f u e l  pin. 
(15 inches) f u e l  colwnn. 
c l ip ,  is  0.64 cm (0.25 inch) long and 0.13 cm (0.07 inch) i n  diameter w i t h  a 0.08 cm 
(0.03 inch) diameter ax ia l  hole. 

This i s  the  s i z e  required f o r  the  reference design -.. Ten of these f u e l  cylinders are  stacked t o  make the  38 cms 
The smaller specimen, compared here t o  a standard paper 

These and several  other intermediate s izes  a re  
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being used i n  the NASA experimental program. 

A t  t h i s  point, it is  f e l t  t h a t  t he  fabr ica t ion  technology of UN i s  ade- 
quately developed and does not present any problem to fu ture  development of a reactor  
of t h i s  type. 

T-111 Cladding and Tungsten Liner 

c The T-111 tubing, sheet, and rod required f o r  t h i s  program have been obtained 
from commercial vendors. The specif icat ions are similar to those i n  Reference 
6. Normally 
a l l  T-111 material delivered receives a one hour, 165ooc, vacuum heat treatment 
t o  r ec rys t a l l i ze  the  worked s t ruc ture .  
tolerances.  
cleaned (with a mixture of two par t s  of 48 percent HF, four  par t s  of concentrated 
HNO ir dried.  
The p y t s  a re  t en heated t o  1095 C f o r  one hour i n  a vacuun of 2.6 x lo-? newtons/ 
meter ( 2  x 10 mm) or lower t o  remove any v o l a t i l e  impurities. After welding, 
usual ly  by electron beam but occasionally by gas tungsten a rc  welding, the  T-111 
assemblies a re  given a one-hour anneal a t  1310 C i n  vacuum. The purpose of t h i s  
anneal i s  t o  combine any excess oxygen with the  hafnium t o  prevent grain boundary 
corrosion of we lds  i n  l iqu id  a l k a l i  metals. This i s  done as a standard post-weld 
ope rat ion. 

(A  useful  survey of properties of T-111 i s  given i n  Reference 7.) 

The T-111 can be readi ly  machined t o  close 
After machining and p r io r  t o  welding or assembly, T-111 par t s  are 

one pa r t  of concentrated H SO and two par t s  H 0) then rinsed and 3' 0 4' 2 -9 
0 

Several methods have been investigated f o r  applying the  t h i n  (0.013 em, 
0.005 inch) tungsten l i n e r s  t o  the  inside surface of T-111 tubing f o r  f u e l  pin 
cladding. 
loose, free-standing tungsten tube or u t i l i z a t i o n  of a d i f f e r e n t i a l  thermal expansion 
method to press a l i n e r  t o  the  cladding. To  produce the  free-standing tube, multiple 
wraps of 0.0025 em (0.001 inch) th ick  tungsten f o i l  a re  pressed around a m 1 bdenum 
mandrel i n  a high pressure autoclave at  1650'~ and a pressure of 2 .1  x 10 
meter2 (30,000 p s i ) .  The outer  surface of the  tungsten can then be ground to a 
precise diameter. The f inished tungsten-liner i n  t h e  form of a thin-walled, 
free-standing tube i s  obtained by dissolving the  mandrel i n  n i t r i c  acid.  
tungsten tube of precise dimensions then can be slipped i n t o  the  T-111 tube t o  be 
l ined.  
mandrel of AIS1 1020 s t e e l  which i s  coated with alumina and ground t o  c lose tolerances.  
This mandrel i s  wrapped with 0.0025 em th i ck  f o i l  t o  t he  desired t o t a l  thickness, 
inser ted i n  the  T-111 tube t o  be lined, and heated i n  vacuum f o r  one hour a t  1200 C. 
Because the  mandrel has a higher coef f ic ien t  of thermal expansion than T-111, 
it presses the  l i n e r  t o  the  inside w a l l  of t he  T-111 tube producing a mechanical 
bond. This method avoids the  undesirable gap between the  tungsten l i n e r  and t h e  
T-111 necessary f o r  inser t ion  of a free standing l i n e r .  Both of %hese methods a re  
superior to chemical vapor deposit ion or d i r e c t  hot i s o s t a t i c  pressure bonding of 
a tungsten l i n e r  on to T-111 because they a re  less prone t o  contaminate the  T-111. 

But only two of these have been extensively used. These are inser t ion  of a 

-8 newtons/ 

This 

The d i f f e r e n t i a l  expansion method (see f i g .  3 )  u t i l i z e s  a cy l indr ica l  

0 

'- 
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Fuel Pin Assembly and Inspection 

Fuel pin assembly procedures a re  f a i r l y  straightforward. Some discussion 
of these procedures is  given i n  Reference 8. It i s  important t o  avoid contamina- 
t i o n  of the  par t s  a t  a l l  s teps  i n  the  assembly by i n t e r s t i t i a l s  such as nitrogen, 
oxygen, hydrogen, and carbon) and by metal l ics  (such as copper and nickel) .  
A l l  heat treatments must be done i n  vacuum. A vacuum of 2 x 
(2  x 10-5 mm 
t i o n  a t  1310 C. 
i n  welding operations) must be avoided because the  UN w i l l  decompose and contaminate 
the  T-111. 
e lectron beam welding. 
f i l l - h o l e  i n  one of the  end caps i s  closed by gas tungsten arc  welding i n  a chamber 
containing purif ied helium. 
worked out and present no major problems. 

, 

newtons/meter 
. is  adequate for several  heat treatments each of about one hour dura- 

Overheating of t he  UN f u e l  i n  the  presence of T-111 ( f o r  example, b 
Welding of the  end caps t o  the  T-111 cladding i s  ord inar i ly  done by 

I n  instances where the  pin i s  backfi l led with helium, a 

For the most par t ,  assembly procedures have been well 

Inspection procedures cur ren t ly  being used include v isua l  examination ( f o r  
example, f o r  cracks and chips i n  the  UN pe l l e t s ) ,  dimensional measurements, u l t r a -  
sonic t e s t i n g  (for example, of the  T-111 tubing), dye penetrant tes t ing ,  helium 
leak tes t ing ,  and X-ray and neutron radiography. These methods a re  adequately 
developed f o r  most of the  inspections required. 
e x i s t  i n  detect ing weld imperfections and inhomogeneties i n  the  T-111 cladding. 
So more work i s  needed t o  improve inspection methods f o r  these areas.  

However, some problems s t i l l  

MATERIALS COMPATIBILITY STUDIES 

Several combinations of reactor  materials are being tes ted  out-of-pile t o  
determine t h e i r  chemical compatibil i ty with each other.  
conducted a t  about 1 0 4 0 ° C  f o r  timmranging up t o  7300 hours. 
t u r e  is  higher than the  reference reactor  coolant ou t l e t  temperature t o  allow f o r  
possible higher temperatures i n  the reactor  core and t o  accelerate  t he  e f f ec t s  of 
any chemical reactions.  The preferred t e s t i n g  method i s  i n  a pumped-lithium loop 
because it best  simulates the  ac tua l  system concept as t o  temperature gradients 
and l i thium flow ra t e .  
tests have been done using thermal convection loops and isothermal capsules, par t icular-  
l y  i n  caseswhere reactions may occur which could cause damage t o  a pumped loop. 
Some combinations of materials being studied are:  
(2) T-111 and UN sepmat'ed by tungsten, ( 3 )  UrJ ih contact with lithium, (4) T-111 
i n  contact with lithium, ( 5 )  TZM and T-111 i n  lithium, and (6) Bearing materials 

Most of these t e s t s  are 
This tes t  tempera- 

But, because of t he  high cost  of t h i s  type of tes t ,  screening 

(1) T-111 and UN i n  d i r ec t  contact, 

--- and T-111 with lithium. 

Fuel-Cladding Compatibility 
e.. 

Because tantalum and hafnium form n i t r i d e s  of grea te r  s t a b i l i t y  than uranium 
ni t r ide ,  T-111 and UN would be expected t o  reac t  i f  they  a re  i n  d i r ec t  contact a t  
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t h e  l04OoC t e s t  temperature. 
tungsten b a r r i e r  between the UN and T-111. 
extensive the  reaction is  between UN and T-111 i n  d i r ec t  contact and how effect ive 
a tungsten l i n e r  is  i n  preventing t h i s  reaction. 

In  view of t h i s ,  the  f u e l  pin is  designed with a 
However, it i s  desirable  t o  know how 

The extent of the UN/T-111 react ion was tes ted  i n  an evacuated isothermal capsule 
which consisted of a 1.3 ems (0.5 inch) diameter by 5 ems ( 2  inches) long T-111 
capsule containing a cy l indr ica l  specimen of UN sandwiched between two T-111 cy- 
l inders  (see f i g .  4) .  
sules  of t h i s  type have been tes ted  f o r  1000 and 2860 hours a t  1040 C .  
extent of react ion is  shown i n  Figure 4. 
cylinder a t  the in te r face  with UrJ a f t e r  the 1000-hour t e s t  shows a second phase 
a t  the  grain boundaries and i n  some of the  grains.  This occurs only a t  locations 
where the UN d i r e c t l y  contacts the T-111 suggesting a so l id - s t a t e  reaction. The 
second phase is  probably n i t r i d e s  of tantalum and hafnium. The microstructure of a 
2860-hour t e s t  specimen i s  s imi la r  and qua l i t a t ive ly  shows about the same amount 
of reaction. These t e s t s  confirm t h a t  f o r  long-term compatibility, UN should not be 
i n  d i r ec t  contact with T-111 a t  temperatures of i n t e r e s t  f o r  t h i s  reactor  concept;. 

The UN contained l e s s  than 100 ppm of oxygenoimpurity. Cap- 
The overa l l  

The microstructure ( f i g .  5 )  of the  T-111 

To prevent t h i s  reaction, tungsten has been selected as the l i n e r  because UN 
is more s t ab le  than the n i t r i d e s  of tungsten. Also, diffusion-rate  calculat ions 
indicate  t h a t  a 0.013 ern (0.005 inch) thickness of tungsten wkiould be su f f i c i en t  
t o  prevent s ign i f icant  diffusion of tantalum or hafnium from t$” T-111 to the  
tungsten-UN i n t e r f w e  f o r  50,000 hours a t  temperatures t o  1260 C. 
impractical t o  assure a hermetic envelope of tungsten around the  MY. Because 
tungsten is  a b r i t t l e  material, cracks may cccur, Assuming t h a t  cracks and d i s -  
cont inui t ies  are  present i n  the  l i n e r  but t h a t  a gap i s  always maintained between 
the  UN and T - i l l ,  any react ion w i l l  have t o  occur through the gas phase. 
t h a t  molecular flow of nitrogen is  r a t e  controll ing,  the calculated maximum in-  
crease of nitrogen i n  the  0.15 em (0.058 inch) th ick  T-111 of the  reference f u e l  
pin a t  a crack s i t e  is  l e s s  than one par t  per mill ion by weight a f t e r  50,000 hours 
a t  1 0 b o C  (see Appendix). 
But the calculated nitrogen t ransport  increases r a  i d l y  with temperature: 5 ppm 
a t  1140°C, 200 ppm a t  12boC, and 5000 ppm a t  1340 C. 
nitrogen could a f f ec t  the  T-111 prgperties.  
be l imited t o  less than about 1300 C. The reader i s  reminded t h a t  i n  an ac tua l  f u e l  
pin the fuel-cladding gap w i l l  contain about one atmosphere pressure of helium a t  
standard temperature and pressure t o  augment heat t ransfer .  The diffusion t ransport  
of nitrogen across t h i s  helium-filled gap w i l l  be slower than the molecular flow 
assumed i n  the calculat ion.  

However, it i s  

Assuming 

This should cause no harm t o  the propert ies  of the T-111. 

8 The higher leve ls  of 
So the  maximum f u e l  temperature should 

These r e s u l t s  indicate t h a t  thermal dissociat ion of the f u e l  should not be 
a problem a t  expected reactor  operating conditions and simple physical separation 
of UN and T-111 w i l l  avoid compatibil i ty problems between these materials.  

UN cy l indr ica l  specimens. 
means of a tungsten wire c o i l  around the UN specimens. These capsules were tes ted  
a t  10boC f o r  about 3000 hours i n  a vacuum of 1.3 x newLons/meteri!: 
Metallographic examination indicated no apparent e f f ec t s  of the  t e s t  on e i t h e r  the 

This 
._ conclusion is  supported by the  r e s u l t s  of t e s t s  on sealed T-111 capsules containing 

Direct contact of the UN and T-111 was prevented by 

mm) . 
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UN pe l l e t s  or t he  T-111 capsule. A t yp ica l  analysis of t he  T-111 from these 
capsules compared t o  T-111 from an empty capsule t e s t ed  under the same conditions 
shows no s igni f icant  change i n  the  nitrogen content (see Table I).  The same 
re su l t  has been obtained from pumped-lithium loop tests discussed la te r  i n  t h i s  
report .  

Fuel-Coolant Compatibility 

Normally, UN and l i thium are  not expected t o  be i n  contact with each other  i n  
the  reactor  because they are separated by the  tungsten-lined T-111 cladding. But 
the  consequence of a crack or hole i n  the cladding must be considered. If a react ion 
occurs between the  UN and lithium, e a r l y  f a i l u r e  might r e su l t .  Pure UN and l i thium 
are expected t o  be compatible; t h i s  is  one of the main reasons f o r  prefer r ing  UN 
over UO f o r  t h i s  type of reactor .  However, t o  confirm t h i s  expected compatibil i ty 
and t o  f ind  the  e f f ec t  of oxygen impurity, tests have been made with isothermal 
capsules and with simulated f u e l  pins i n  a pumped l i thium loop. The results of the  
loop t e s t  w i l l  be summarized i n  the  next section, 

The T-111 capsules used f o r  the  isothermal tests a re  of a cy l indr ica l  con- 
f igura t ion  ((1.3 em (0 .5  inch) diameter by 5 em ( 2  inches) long)) .  These a re  f i l l e d  
with l i thium which i s  purif ied by hot ge t te r ing  and vacuum d i s t i l l a t i o n  t o  a typ ica l  
impurity l e v e l  of about 80 ppm oxygen, 40 ppm carbon, and 5 ppm of nitrogen. The 
UN f u e l  pe l l e t s  immersed i n  the  l i thium a re  kept from contacting the T-111 with a 
c o i l  of tungsten wire. 
l i thium are t e s t  time, temperature, and pur i ty  of the  UN. Oxygen is  an impurity 
normally found i n  UN and i s  of concern because of the  s t a b i l i t y  of l i thium oxide. 

Factors which may a f f ec t  t he  compatibil i ty of UN with 

An  extreme example of t he  e f f ec t  of oxygen impurity i s  shown i n  Figure 6 where 
UN specimens containing 6080 ppm of oxygen and showing UO 
exposed t o  l i thium a t  1400 C f o r  20 hours. 
accelerate t he  r a t e  of react ion.)  
has removed the  U02 f r o m t h e  UN. 
o rd inar i ly  contained from 1000 t o  2500 ppm of oxygen, UN i s  now avai lable  with 
less than 300 ppm of oxygen. 

as  a second phase were 
(The high t e s z  temperature was  used t o  

Apparently, under  these conditions, the  l i thium 
Whereas i n  the  past, as-fabricated UN compacts 

Unlike the  6000 ppm material, uranium n i t r i d e  containing up t o  about 2500 ppm 
of oxygen usual ly  does not show second phase UO i n  the  microstructure a t  3OOX 
magnification. Specimens of IJN containing aboug 250 ppm of oxygen and tes ted  f o r  
about 1000 hours a t  10b°C i n  T-111 capsules f i l l e d  with l i thium show no s i g n i f i -  
cant change i n  weight of the  UN, i n  the  chemical analyses of t he  UN or T-111, or 
i n  t he  microstructure near the surface of the UN ( f i g .  7).  
s t ruc ture  of UN containing 2300 ppm of oxygen after t e s t i n g  f o r  1000 hours a t  
1 0 b o C  shows a t h i n  layer  a t  t he  surface of the  UN ( f i g .  7). Similar t e s t s  on UN 
p e l l e t s  containing 800 ppm and 1400 ppm of oxygen a l s o  resul ted i n  t h i s  surface 
layer .  Tests t o  ident i fy  the  composition of t h i s  surface layer have not yet been 
successful. S o  more specimens tes ted  f o r  3000 hours a re  being evaluated t o  check 
the  composition of the surface layer .  

*- However, the  micro- 

'* 
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It is  concluded from the  tests completed so far  t h a t  UN containing l e s s  than 
about 300 ppm of oxygen should be used t o  avoid problems from react ion w i t h  lithium. 
This presents no d i f f i c u l t y  from the  standpoint of f u e l  fabr icat ion.  

Cladding-Coolant Compatibility 

Generally, re f rac tory  metals gettered with H f  or Zr are compatible with 
a l k a l i  metal coolants providing t h a t  proper processing methods are used t o  prevent 
oxygen contamination. Thus, no major corrosion problems are expected with the  use 
of T-111 and l i thium. However, more subt le  e f f e c t s  of long-term exposure of f u e l  
elements t o  l i th ium m i g h t  be encountered i n  t h i s  type of reac tor  sys tem.  
example, t he  combined e f f e c t s  of long-term aging plus the  oxide reducing e f f e c t s  
of l i thium could a f f ec t  t he  propert ies  of t he  T-111. Therefore, long-term corrosion 
tes ts  a re  being conducted. 

For 

The most meaningful t e s t s  of corrosion e f f ec t s  and e f f e c t s  on propert ies  of 
materials exposed t o  l i qu id  metals are made i n  pumped loops. A pumped loop tes t  
has the  advantage of most c lose ly  simulating the  conditions t h a t  would occur i n  
an ac tua l  system--aside from the  nuclear environment, of course. Temperature 
gradients and l i th ium flow rates can be adjusted t o  the  values ant ic ipated i n  an 
ac tua l  system. A schematic diagram of a T-111 loop b u i l t  and operated b.y the  
General E lec t r i c  Co., Nuclear Systems Programs, under NASA contract  i s  shown i n  
Figure 8. 
see Reference 9.) 
where it is  heated r e s i s t i ve ly ,  through a specimen t e s t  sec t ion  a t  a ve loc i ty  of 
about 1.5 meters per second a t  about l0boC,  through a rad ia tor  sect ion where the  
l i thium i s  cooled t o  about 99OoC, and then back t o  the  pump. 
i n  an ul t ra-high vacuum chamber a t  about I. 3 x lom8 newtons/meter2 ( l O - l - 0  mm). 
specimen t e s t  sec t ion  contains three  UN f u e l  specimens clad with tungsten-lined 
T-111 and a l s o  two ring-shaped specimens of TZM. A l l  of t he  prime reac tor  mater ia ls  
except for  bearing materials are included i n  the  tes t  sect ion.  

(For fu r the r  d e t a i l s  concerning t h i s  loop and t e s t i n g  procedures, 
T,i.thium i s  c i rcu la ted  by afi electromagnetic pump through a c o i l  

The loop is  operated 
The 

Seven simulated f u e l  pins (designated LT-1 through LT-7) were prepared. Five 
of these pins were t e s t ed  i n  the  1O4O0C pumped loop.. 
and LT-3) were t e s t ed  f o r  2500 hours, two (LT-5 and LT-6) f o r  5000 hours, one (LT-2) 
f o r  7500 hours, and two (LT-4 and LT-7) w e r e  l e f t  untested as controls .  
of the  pins is  e s s e n t i a l l y  as shown i n  Figure 9 except t h a t  one of t he  5000-hour 
t es t  pins (LT-6) has a 0.6 em x 0.008 cm ( .25 inch x 0.003 inch) a x i a l  s l o t  
purposely cut  through the  cladding and l i n e r  t o  allow contact of UN and l i thium 
during the  t e s t .  
l i n i n g  the  cladding shown i n  the  figure prevent contact of t he  UN and T - l l l o  
dished washers provide an a x i a l  gap t h a t  prevents over-heating of t he  UN during 

Two of these pins (LT-1 

The design 

The tungsten washers and the  0.013 em (0.005 in )  t h i ck  tungsten 
The 

* e lec t ron  beam welding of t he  end caps. 
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Evaluation has been completed on LT-1 and LT-3 af ter  2500 hours of t e s t i n g  and 
a l so  on LT-4, the  untested control.  This evaluation i s  described i n  de t a i l  i n  
Reference 10. 
avai lable .  A l l  of the  specimens are shown i n  Figure 10 after removal from the  
loop. No corrosion of the  T-111 cladding by the  l i thium i s  apparent from visua l  
inspection or from weight change measurements. The r e s u l t s  of chemical analysis 
of the T-111 from LT-1, LT-3, and LT-4 a re  l i s t e d  i n  Table 11. The cladding and 
end caps were analyzed separately because they were made from d i f f e ren t  T-111 
stock. The only s igni f icant  change i n  composition as a r e s u l t  of t e s t i n g  is  a 
small decrease i n  oxygen content. The nitrogen contents have not changed within 
the  precision of the  analysis.  This supports the  expectation s ta ted  e a r l i e r  t h a t  
react ion of UN with T-111 i s  not a problem a t  1 0 b o C  when they are not i n  d i r e c t  
contact. The microstructure of the  f u e l  and cladding from these 2500-hour tes t  
specimens a re  a l so  unchanged by t e s t ing .  

Evaluation of LT-2, LT-5, and LT-6 i s  underway and some results are 

I n  the  case of the s lo t t ed  f u e l  pin (LT-6) which allowed contact of UrJ and 
lithium, no evidence of a t tack  of the  T-111 or  UN i s  apparent from weight measure- 
ments or visua l  examination. The microstructure i n  the  v i c i n i t y  of the s l o t  s t i l l  
has t o  be examined. It appears t h a t  a defected f u e l  pin w i l l  cause no s igni f icant  
compatibil i ty problem. 

Other Reactor Materials 

Normally, t he  materials exposed t o  t h e  l i thium coolant i n  the  reactor  design 
concept w i l l  be T-111 i n  the  cladding and s tmictural  components, TZM i n  the  r e f l e c t o r  
and control drums, and ,a  re f rac tory  carbide or n i t r i d e  as the  bearing surface f o r  
control  drums. I n  the  following two sections,  the  compatibil i ty of t he  diss imilar  
metals TZM and T-111 i n  l i thium w i l l  be examined and work on poten t ia l  problems 
w i t h  bearing materials w i l l  be discussed. 

Control Drum and Reflector S t ruc tura l  Material 

In  the  T-111 pumped-lithium loop described e a r l i e r ,  specimens of t he  poten t ia l  
control  drum and r e f l ec to r  material ,  TZM, have been tes ted  f o r  2500, 5000, and 7500 
hours. Preliminary evaluation of these specimens has been done. A l l  of the  specimens 
increased s l i g h t l y  i n  weight. The 2500-hour specimens gained about 4 milligrams, 
and the  5000 and 7500-hour specimens each gained about 7 milligrams. 
weight of each specimen i s  about 9 grams. Chemical analyses of the  TZM specimens 
showed very small changes i n  i n t e r s t i t i a l  content: carbon (217 ppm untested versus 
213 ppm tested),  oxygen (22 ppm untested versus 17 ppm tes ted) ,  and nitrogen ( 2  ppm 
untested versus 12 ppm te s t ed ) .  
one ppm by weight. These tests show a high degree of compatibil i ty of T-111 and 
TZM i n  flowing l i thium a t  1 0 b ° C .  

The or ig ina l  

'* 

I n  a l l  cases, t he  hydrogen content was l e s s  than 
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Bearing Materials 

Several compositions are being considered as po ten t i a l  candidates f o r  control  
drum shaf t  bearings i n  the  space power reactor  concept under consideration. Be- 
cause these bearings have t o  operate i n  the l i thium coolant, it is  necessary t h a t  

e they a l s o  a re  compatible with the l i thium a t  operating temperature. Also, it i s  
necessary t o  know i f  bearing gl iding surfaces w i l l  s t i c k  together a f t e r  hold times 
of about 500 hours under load. Studies of these po ten t i a l  problems are underway 
a t  General Electr ic ,  Nuclear Systems Programs, under NASA contract .  The bearing 
compositions under study are: 

1. 

2. 

H f N  + 10 w/o W 

H f C  + 10 w/o TaC + 10 w/o W 

3 .  H f C  + 10 w/o W 

4. ZrC + 17 w/o w 

5 *  H f C  + 2 w/o CbC + 8 w/o Mo 

6 .  H f N  + 10 w/o TaN + 10 w/o w 
These materials were selected f Q r  t h e i r  po ten t ia l  hardness, toughness, high 

melting points,  and thermochemical s t a b i l i t y  i n  lithium. Specimens of these 
materials were prepared by hot pressing mixed powder i n t o  compacts, s inter ing,  and 
grinding i n t o  5 ern x 0.62 em x 0.62 ( 2  i n  x 0.25 i n .  x 0.25 i n )  pieces. These 
specimens were than tes ted  i n  l i thium-fi l led T-111 capsules f o r  700 hours a t  980'C. 
A l l  of t he  compositions appear t o  be compatible with l i thium according t o  t h i s  
t e s t .  Testing i s  being continued f o r  4000 hours a t  870°, 980°, and 1O9O0C. 
on other f ac to r s  as f ab r i cab i l i t y ,  density, metal dis t r ibut ion,  and phase s t a b i l i t y ,  
two of these materials (90 HfN-1OW and 90 HfC-2CbC-8Mo) have been selected f o r  
simulated out-of-pile service t e s t i n g  with fu l l - sca le  control  drums and actuators.  

Based 

Because the  control  drws must always be f r e e  t o  move, t h e  poten t ia l  problem 
of diffusion bonding of bearing surfaces a t  t h e i r  s l i d i n g  in te r face  must be inves- 
t igated.  Three bearing compositions (90 HfN+lOW, 80HfC+lOTaC+lOW, and 90HfFC+ 
2CbC+8Mo) are  t o  be tes ted  f o r  500 hours i n  l i thium i n  contact with each other and 
with Tm6and T-111. Ths tes t  temperature w i l l  be about 980'~ and the  load w i l l  be 
9.7 x 10 newtons/meter (1400 ps i ) .  

So far, it appears from these isothermal capsule tes ts  t h a t  a l l  of the  bearing 
materials a re  compatible with l i thium i n  the  presence of T-111 a t  980°C f o r  300 
hours. 
wise. 
a temperature gradient. 

It remains t o  be seen i f  longer term (4000 hours) t e s t i n g  w i l l  show other- 
- r  Also, as  yet  none of these materials have been tested i n  flowing l i thium with 
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IRRADIATION EFFECTS TESTS 

A n  important bas i s  f o r  t he  design of f u e l  pins f o r  t he  reference reac tor  

This low s t r a i n  l i m i t  is  
concept is t o  l i m i t  cladding s t r a i n  to one percent during an operating l i f e  
of 50,000 hours t o  a fuel burnup of 4 atom percent. 
imposed to allow f o r  a la rge  decrease i n  d u c t i l i t y  of t he  cladding without 
rupturing the  cladding and t o  l i m i t  the r e s t r i c t i o n  of coolant flow around the  
f u e l  pins.  Four experiments a re  underway t o  assess the  e f f ec t s  of i r r ad ia t ion  
on: 
integri ty ,  dimensional s t a b i l i t y ,  and materials compatibility; and (3) f u e l  pin 
cladding and s t ruc tu ra l  materials propert ies .  
described br ie f ly ,  the  objective s ta ted,  and the s t a t u s  outlined. Except where 
noted, t he  i r rad ia t ions  a re  being carr ied out i n  the  NASA-Plum Brook Reactor 
F a c i l i t y  (PBW) . 

(1) fission-induced fue l  swelling and f i s s i o n  gas release; (2) f u e l  pin 

Each of these experiments w i l l  be 

Fuel Pin I r rad ia t ions  

Three experiments a re  being done i n  t h i s  area: (1) accelerated burnup-rate 
tests of fuel-cladding materials on miniature f u e l  pins t o  obtain e a r l y  information 
on the  e f f ec t  of i r r ad ia t ion  on compatibil i ty of materials,  f i s s i o n  gas release,  
and f u e l  swelling; (2)  f u e l  pin design proof tests on fue l  pins t o  determine i f  
t he  preliminary design shows promise of meeting the  goal of 1 percent maximum 
diametral f u e l  pin s t r a i n ;  and (3) i r r ad ia t ion  of f u e l  pins t o  f ind the e f f ec t  of 
UN f u e l  densi ty  on swelling and f i s s i o n  gas re lease and to t e s t  Cb-1Zr cladding and 
UO f u e l  under comparable temperature and burnup conditions. 2 

Accelerated Burnup - Rate Tests 

The capsule design and in-p i le  operation f o r  t he  accelerated burnup-rate t e s t s  
are described i n  Reference 11. The objectives of t he  tests,  t h e  materials, and 
the  t es t  conditions a re  summarized i n  Table 111. E i g h t  miniature T-111 clad UN 
fue l  pins 0.46 em OD x 2.5 cms long (.180" OD x 1" long) have been i r rad ia ted  f o r  
1500 hours to one atom percent (1 a/o) burnu ( a  burnup r a t e  of about eight times 
that of t he  reference concept; i . e .  6 x 1Olg fissions/cm3 sec) .  Six of these were 
i r rad ia ted  at 830'C an; two a t  990 C. 
being conducted at 990 C w i t h  a goal of 3 a/o burnup i n  4500 hours. 
r e s u l t s  of the 1500-hour tests a re  : 
t he  UN and cladding; (2) no detrimental  e f f ec t s  of f i s s i o n  products; ( 3 )  less than 
one percent f i s s i o n  gas re lease from the  UN; and (4) no measurable dimensional 
changes of the  f u e l  or cladding. 

0' I r r ad ia t ion  of four  addi t ional  pins i s  
Preliminary 

(1) no materials compatibil i ty problems between 

Further t e s t s  a r e  being prepared to obtain unrestrained UN f u e l  swelling data  
using a r e l a t i v e l y  weak cladding ( l i k e  304 s t a in l e s s  steel)  at  a 99OoC i r r ad ia t ion  
temperature to a f u e l  burnup of about 1.3 a/o i n  3000 hours. 
to obtain par t ia l ly- res t ra ined  UN fuel swelling da ta  using a stronger cladding 

Also, it is  planned 
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(such as T-111 or a tungsten a l loy)  a t  137OoC and a t e s t  t i m e  of 4000 hours t o  
a burnup of about 3 a/o. 
should be obtained i n  these small diameter fue l  pins under these conditions. 
These d a t a  w i l l  be used t o  check ana ly t ica l  models f o r  fue l  swelling and fue l -  
cladding in te rac t ions  ( f o r  example, see References 3 and 12).  

It i s  expected t h a t  measurable fue l  cladding s t r a i n  

Also, a l t e rna te  materials, UO and Cb-12, are included i n  t h i s  program 2 primarily t o  check the fuel-cladding compatibil i ty of these materials under 
i r rad ia t ion .  

Fuel Pin Design Proof Tests 

The objective of t h e  f u e l  pin design proof t e s t s  i s  t o  f ind i f  t he  T-111 
clad UPJ f u e l  pin design concept w i l l  meet the  design goal of one percent maximum 
diametral f u e l  pin cladding s t r a i n  i n  50,000 hours a t  990°C. Because it is im-  
p r ac t i ca l  t o  t e s t  f o r  50,000 hours, i r rad ia t ions  a re  being carr ied out over the  
time range of 5000 t o  20000 hours. But increased burnup r a t e s  and thinner  claddings 
t o  accelerate  tests a re  being included i n  the  program t o  improve a b i l i t y  t o  
extrapolate f u e l  pin performance t o  the  50,000-hour l i f e  goal. 

To achieve higher poten t ia l  cladding s t r a i n  a t  the  reference reactor  design 
burnup rate (about 8 x l0 l2  fission/cm3 sec) i n  20,000 hours, some of the  ful l -s ize  
pins (1.9 crns diameter) w i l l  have a T-111 cladding thinner than the  design 
value ( i . e . ,  0.102 cm compared t o  0.146 cm). 
20,000 hours or less  and without an increased r a d i a l  temperature drop across the  
fuel ,  smaller diameter pins (0.93 cm) are  being used t o  permit t e s t i n g  a t  accelera- 
ted burnup r a t e s  of 1 t o  4 times the  design concept ( i . e m ,  8 t o  33 x 10l2 f i s s ion /  
cm3 sec).  
1 .9  em diameter pins (i. e . ,  0.069 and 0.051 crns) . 

To achieve the design burnup i n  

The cladding of these pins i s  about one-half as th ick  as t h a t  of t h e  

Three ful l - length (38 cm long f u e l  c o l m )  1.9-cm diameter pins are  t o  be 
i r rad ia ted .  
interact ion.  

Data from these w i l l  be used mainly t o  check f o r  a x i a l  fuel-cladding 

Thirteen pins from t h i s  28-pin program a re  now in-pi le .  Three of these pins 
have been i r rad ia ted  f o r  about 5400 hours. The maximum burnup a t  t h i s  t i m e  i s  
about 0.5 atom percent. I r rad ia t ion  i s  continuing. Neutron radiography after 
5300 hours shows no d i a m e t r a l  swelling (within precision of measurement of 0.003 em) 
or any other  problems. 

Fuel Pins of Alternate Materials and Porous UN 

One objective of t h i s  experiment (being done under an AEC-NASA Interagency 
Agreement by OR&) i s  t o  compare the  i r r ad ia t ion  performance of f u e l  pi% containing 
cored, high-density (about 96% dense) UN f u e l  t o  other pins with uncored, porous, 



low-density (about 85% dense) Ura fuel. 
i s  t o  t e s t  U02 fue l  pins clad with tungsten-lined T-111 or with tungsten-lined 
Cb-1Zr. This should afford a comparison of the  swelling behavior of UO and UN 
under similar i r r ad ia t ion  tes t  conditions. 

Another objective of the experiment 

2 

The e n t i r e  experiment consis ts  of th ree  capsules each containing three pins. 
The capsule design i s  e s sen t i a l ly  as described i n  Reference 13. 
are 0.95 em outside diameter x 11.3 ems long w i t h  a cladding thickness of 0.071 em 
and a 0.008 em th ick  tungsten l i n e r .  The f u e l  column i n  each pin is  7.5 ems long, 

densi ty  fuel. Two capsules a re  e s sen t i a l ly  duplicates and contain the  T-111 clad 
UN pins. 
with Cb-1Zr and the other  i s  clad i n  T-111. The pins are immersed i n  pressurized 
NaK i n  a Cb-1Zr container and are being i r rad ia ted  i n  the  Oak Ridge Reactor. The 
nominal cladding temperature of a l l  pins during i r r ad ia t ion  is 1000°C. The goal 
of the  experiment i s  about 3 a/o burnup i n  10,000 hours--an accelerat ion f a c t o r  
of about four t i m e s  the reference reactor  design concept. The experiment i s  
designed such t h a t  t he  center l ine temperature of the  U02 w i l l  not exceed 1 6 0 0 ~ ~ .  
Because of the  high thermal conductivity of uranium ni t r ide ,  i t s  center l ine 
temperature w i l l  not exceed llOO°C. 

The fuel  pins 

" and the  amount of fuel is  the  same f o r  t h e  cored high densi ty  and the  porous low 

The t h i r d  capsule contains three  pins with U02 fue l :  two are clad 

A t  present, the  two capsules containing UN pins are in-pi le .  One capsule 
has been in-p i le  f o r  2000 hours; t he  other  f o r  1500 hours. The capsule containing 
the  U02 pins is  expected t o  go in-p i le  i n  Ju ly  1971. It i s  planned to neutron 
radiograph the  capsules per iodical ly  and, a f t e r  completion of the i r rad ia t ions ,  to 
evaluate the  pins f o r  dimensional changes, fuel swelling, f i s s i o n  gas release,  
burnup, microstructural  changes, chemical analysis of cladding, and d u c t i l i t y  of 
cladding. Unirradiated thermal controls w i l l  a l so  be tes ted  and evaluated. 

Cladding and St ruc tura l  Materials I r rad ia t ion  

In  the  l a s t  few years, i r r ad ia t ion  experiments a t  elevated temperatures i n  a 
f a s t  neutron spectrum have shown generation and growth of voids and changes i n  
mechanical properties i n  many d i f f e ren t  types of metals, including the  re f rac tory  
metals (e .g . ,  refs. 14, 15, and 16).  
e lectron microscope examination a t  fluences of about 1021 neutrons/cm2 (E > 0.1 MeV) 
The shape and densi ty  of these voids i s  s t rongly influenced by the  i r r ad ia t ion  
temperature, t he  thermomechanical h i s to ry  of t he  metal, and the  a l loy  composition. . 
I r rad ia t ion  temperatures i n  the  range of 0.3 t o  0.5 of the  melting temperature are 
generally required t o  generate voids. With increasing neutron fluence at  constant 

creasing i r r ad ia t ion  temperature, voids tend t o  increase i n  s i z e  and decrease i n  
concentration. These observations indicate  t h a t  voids a r i s e  from vacancy coalescence. 
The vacancies are generated by the collision cascade resu l t ing  from fast-neutron 
interact ions with metal ions. 

These voids become v i s ib l e  under transmission 

-- temperature, voids tend t o  increase i n  s i ze  and concentration. But,  with in-  
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Void generation and growth results i n  swelling, embrittlement (i. e., reduced 
t e n s i l e  d u c t i l i t y  and creep-rupture s t r a i n  and increased duc t i l e - to -b r i t t l e  
t r a n s i t i o n  temperature), and microstructural  changes such as precipi ta t ion.  The 
magnitudes of these e f f ec t s  a r e  not w e l l  known f o r  the  materials and conditions 
being considered here. Because the  e f fec ts  a re  la rge  f o r  other  materials, th i s  
is  considered t o  be the  most serious poten t ia l  problem f o r  t h i s  reactor  design 

*. concept. 

Thus, an unfueled i r r ad ia t ion  experiment is  being conducted with re f rac tory  
metals of i n t e r e s t  f o r  t h i s  reac tor  concept. 
experiment is  t o  determine the  e f f ec t  of fast neutrons a t  fluences comparable t o  
those expected i n  the  reference design concept (about 1 .2  x 
(E  > 0.82 Mev) on the  d u c t i l i t y  and swelling of t he  re f rac tory  metal a l loys.  

The pr inc ipa l  objective of t h i s  

neutrons/cm2, 

The experiment consis ts  of two i r r ad ia t ion  capsules designed and constructed 
by GE-NSP. Specimens are t o  be i r rad ia ted  a t  fluences o f 1  and' *{m2 
(E > 0.82 MeV) and temperatures of 1000° and 1270°C. The i r rad ia t ions  are tQ be 
carr ied out i n  the  Plum Brook Reactor i n  an in-core s i m  rod posi t ion t o  take 
advantage of t he  r e l a t ive ly  high f a s t  flux (2.8 x l0 lk  neutrons/cm2 see (E > 0.82 
MeV) a t  t h i s  posit ion.  
boron-10 f i l t e r s  t o  reduce the  thermal and epithermal components. Heating of the 
specimens i s  t o  be achieved through 
by a flowing binary gas (argon and helium) mixture and measured by thermocouples 
i n  wells i n  the  specimen containers. The specimen containers a re  constructed of 
TZM, and the  specimens are immersed i n  l i thium t o  achieve temperature uniformity. 
About 100 specimens of each material w i l l  be i r rad ia ted  under each fluence- 
temperature condition. These include t ens i l e ,  bend, and weld evaluation specimens 
of T-111 (Ta-8W-2Hf), ~ s ~ m - 8 1 1 ~  (Ta-8W-lHf-0.7Re-O.O35C), TZM (Mo-O.5Ti-o.08Zr- 
0.02C) W-25Re, W-27Re-30M0, and diffusion couples of T-l l l /TZM and T- l l l /W.  The 
tantalum alloy, A S T A R - ~ ~ ~ C ,  and the  tungsten al loys a re  included as poten t ia l ly  
higher s t rength or more compatible materials f o r  use a t  higher temperatures. A 
set  of out-of-pile controls a l so  w i l l  be run following approximately the  same 
temperature and cycling h i s to ry  as t h e  specimens i n  the  reactor .  
specimens and controls  are t o  be evaluated f o r  changes i n  t e n s i l e  properties 
(especial ly  the d u c t i l i t y )  f o r  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature, density, 
chemistry, and microstructure. 

The neutron spectrum i s  a l s o  t a i lo red  by use of cadmium and 

heat.  The temperatures are  t o  be controlled 

The i r rad ia ted  

A t  present, the capsule design has been completed, t he  specimens are  prepared, 
I r rad ia t ion  t e s t i n g  should be i n i t i a t e d  l a t e r  and capsule fabr ica t ion  i s  underway. 

t h i s  year. 

SUMMARY OF RESULTS 

- *. Three major areas of a materials technology program underway a t  t h e  NASA- 
Lewis Research Center f o r  a l iqu id  metal-cooled space power reactor  concept have 
been discussed i n  t h i s  report .  The areas cover fabr icat ion process development, 
out-of-pile materials compatibil i ty studies,  and i r r ad ia t ion  e f f ec t s  tests.  Results 



and comments from these areas a re  b r i e f l y  summarized i n  the  following paragraphs. 

Fabrication Process Development 

A program f o r  development of fabr ica t ion  methods f o r  f u e l  pins has given 
the  following major r e su l t s :  

1, 

2. 

3 .  

Sat i s fac tory  methods have been developed f o r  routine fabricat ion of 
uranium mononitride fuel forms of about 95 percent t heo re t i ca l  density, 
f r e e  of cracks and chips, and with oxygen impurity contents less than 
300 PPm. 

Methods have been developed t o  apply a t h i n  (0.013 em) tungsten l i n e r  
t o  the  inner w a l l  of T-111 tubing t o  be used f o r  f u e l  pin cladding. 
The most su i tab le  of these methods i s  a d i f f e r e n t i a l  thermal expansion 
method which r e su l t s  i n  mechanical bonding of the  l i n e r  t o  the  cladding. 

Fabrication of T-111 components and assembly and welding of f u e l  pins 
presents no serious problems. Nondestructive evaluation of finished fue l  
pins needs fu r the r  development pa r t i cu la r ly  i n  the  area of detect ion 
of weld imperfections. 

Out-of-Pile CompatLbility Studies 

Some re su l t s  of out-of-pile compatibil i ty tests a t  10hO°C f o r  t i m e s  up 
t o  7500 hours are summarized below: 

1. A 0.013 em (O.OO> i n )  tungsten b a r r i e r  is  e f fec t ive  i n  preventing 
react ion between T-111 and UN even i f  t he  tungsten is  cracked. 
conclusion i s  based on calculat ions from the  known dissociat ion pressure 
over UN and simple k ine t ic  theory considerations and has been confirmed 
with capsule tests.  

This 

2. Tests on simulated UN f u e l  pins clad w i t h  tungsten-lined T-111 i n  a 
pumped li thium loop show: 

a. No corrosion of the  T-111 cladding. 

b. No contamination of the  T-111 by nitrogen from the fue l .  

... e .  No s ign i f icant  changes i n  the  microstructure of the  f u e l  or 
cladding. 

d.  No apparent e f f e c t  of an a r t i f i c i a l  defect through the  f u e l  p in  
cladding which allows contact between UN and l i thium on the  UN or 
corrosion of t he  cladding. 
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3 .  There is  no evidence of react ion between UN and l i thium i n  d i r ec t  contact 
provided t h a t  the  oxygen content of t he  UN is  300 ppm by weight or 
less. 

4. TZM gains s l i g h t l y  i n  weight (less than 0.1%) when tes ted  with T-111 
i n  a pumped l i thium loop. The weight gain w a s  no greater  a f t e r  7500 
hours than a t  5000 hours, s o  it may be s e l f  l imit ing.  

5 .  Tests of bearing mater ia l  candidates ( i n  t h i s  case f o r  500 hours a t  
980 '~ )  i n  T-111 capsules containing l i thium show no compatibil i ty 
problems. 

I r rad ia t ion  Effects  Tests 

Several i r r ad ia t ion  t e s t s  a re  underway t o  determine the  e f f ec t s  of i r rad ia-  
t i o n  on the  fuel ,  cladding, and s t r u c t u r a l  materials.  These tes ts  are i n  the  
beginning stages and only l i m i t e d  r e s u l t s  a re  cur ren t ly  available.  For fue l  
burnups t o  about one percent i n  a t i m e  of 1500 hours a t  990 C ,  less than one 
percent f i s s i o n  gas re lease occurred from UN fue l .  
compatibil i ty problems with UN f u e l  i n  tungsten-lined T-111 cladding were 
observed under these conditions. 

0 

Also, no irradiation-induced 

The ar52 of greatest2uncertainky i s  the  e f f e c t  of fast neutrons a t  fluences 
t o  about 10 neutrons/cm 
ref rac tory  metals a t  high temperatures. 
soon. 

(E  > 0.82 Mev) on the  d u c t i l i t y  and swelling of 
Tests of these e f f ec t s  w i l l  be i n i t i a t e d  



APPENDIX 

THE CALCULATED MAXIMUM NITROGEN CONTAklINATIOI? OF T-111 
BY THERMAL DISSOCIATION OF UN IN 50,000 HOURS AS A FUNCTION OF TEMFERATURE 

The expression: 

G = 5.833 P (M/T)* (see r e f .  17) 

gives G the mass of gas incident on a uni t  area per un i t  time ( i n  
where 

P = pressure Qf the gas ( i n  millimeters) 

M = molecular weight of the gas 

T = absolute temperature of the gas 

The molecular weight of nitrogen is  28 and the pressure a t  the temperature of 
i n t e re s t  i s  obtained from extrapolation of the curve given by Inouye and Leitnaker 
(see r e f .  18). 

T( O C )  P ( D )  G( g. crn-2sec-1) G’( g. cmm2/ N i t  Togen 
50,000 hours ) (ppm i n  T-111) , 

1040 1. 7x10-12 1. ~ x I o - ~ ~  2. T x ~ O - ~  1 

1240 3 .8x10-~  3.lxlO 4.6x10-’ 2000 
50 

10-1 50000 

-4 1 . 3 ~ 1 0  - 13 

-8 - 10 

8 . 4 ~ 1 0  - 11 1140 9 . 9 ~ 1 0  

1340 8 . 4 ~ 1 0  6 . 5 ~ 1 0  

- 11 

The amount of nitrogen i n  the T-111 is  calculated on the basis  of a 0.15 cm 
thick cladding. The weight of one square centim t e r  of t h i s  cladding i s  about 
2.5 grams ( the  density of T-111 is  16.7 grams/cm 3 ) 

Inouye ( r e f .  19) f inds a s t ick ing  coef f ic ien t  of about 0.08 f o r  nitrogen 
on Cb-1Zr. 
nitrogen on T-111 i s  not any greater  than about 0.1. 
nitrogen i n  the  T-111 w i l l  be one-tenth of the amounts given i n  the l a s t  column 
of the t ab le  a f t e r  50,000 hours of exposure. 

It is  reasonable t o  assume t h a t  t he  s t i ck ing  coeff ic ient  f o r  
Therefore, the amount of 
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TABLE I1 

T-111 Cladding 

Untested (LT-4) 
LT- 1 
LT- 3 

T-111 End Cam 

CHEMICAL ANALYSIS OF FUEL ELEMEHT CLADDINGS 
AND END CAPS AFTER 2500-HOUR EXPOSURE 
TO FLOWING LITHIUM AT 1 0 b ° C  (19OOOF) 

Par t s  Per Million (By Weight) Weight Percent 
C 0 N H W H f  

61 72 22 1 7.70 2.22 

71 27 15 < 0.5  7.63 2.20 
69 35 20 < 0.5 7.92 2.09 

Untested (LT-4) 
LT- 1 
LT- 3 

24 68 12 1 7.51 2.19 
53 47 10 4 0.5 7.88 2.14 
33 45 10 < 0.5 7.55 2.02 

TABLE I11 

ACCELERATED BURNUP-RATE TESTS OF FUEL CLADDING 
MATERIALS ON MINIATURE FUEL PINS 

Objectives: 1. Early information on e f f ec t  of i r r ad ia t ion  on compatibi l i ty  of 
materials  

2. Fiss ion gas re lease  data  
3. Swelling data 

UN/T- 111; UN/Cb-lZr; UN/W- 25Re - 30Mo; VrJ/30 4SS; U02/Cb- 1 Z r  

0.46 cm diameter x 2.5 ems long pins 
(0.38 om outside diameter x 0.12 cm inside diameter cored f u e l  p e l l e t s )  

Materials : 

Pin Size:  

I\ T e s t  
Temperature: 830' $0 137OoC 

*,. Burnup : 1 t o  3 atom percent i n  times of 1500 t o  4000 hours 

see.  ) 
3 Burnup Rate: 5 t o  10 times reference design concept ( i . e . ,  4 t o  8 x 1013 fissions/cm 

. 
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OPERATING CONDITIONS 

1. TEMPERATURE: 980' C 
2. TIME: 50 OOO HR 
3. MAX FUEL BURNUP: -4 AI0 U 
4. BURNUP RATE: F/CM3 SEC (7 kWIFT) 
5. FLUENCE: 1. N/C$ (E > 0.82 MeV) 

MATERIALS 

1. FUEL: UN 
2. CLADDING: T-111 (Ta-W-2Hf) 

4. COOLANT: Li 
3. LINER: W 

CS- 59016 

Figure 1. - Space power reactor fue l  pin. 

Figure 2. - UN fuel forms. 

rO.0025-CM TUNGSTEN (5 WRAPS) 
r T-111 CLADDING ,' 

/ 
/ / 

r 1 0 2 0  STEEL 

-yLy 

CS-58278 

Figure 3. -Thermal expansion method for applying tungsten l iners  toT-111 cladding. 



CAPSULE ASSEMBLY REACTION SURFACES 
CS- 58 27 9 

Figure 4. - Effects of T-111 in  direct contact wi th  UN 1000 H r  at 1040°C. 

T-111 NOT IN CONTACT WITH UN T-111 IN CONTACT WITH UN 

Figure 5. - Microstructures of T-111 and UN in direct contact 1000 H r  at 1040°C. 

EXPOSED TO Li FOR 20 HR AT 1400' C AS-S INTERED 
CS-46307 

Figure 6. - Effects of l i t h ium exposure on UN specimens with 0.6 WIO 02. 
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RAD I ATOR 

SUR FACE 250-PPM OXYGEN 

Figure 7. - Effect of l i th ium exposure on  UN fuels w i th  different 
i n i t i a l  oxygen contents. L i th ium exposure at 1040OC for  1000 hrs.  
x500. 

LOOP SCHEMATIC TEST SECTION 

TENSILE SPECIMENS 

EM 
PUMP 

CS-56133 

-TZM INSERT 

Figure 8. - 1040O C pumped l i th ium loop test. 

. 
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r UN FUEL PELLET 
T DISHED WASHER (0.025 CM), 

\ I r T - 1 l l T U B l N G  (1.9 CM 0. D. 

‘ - T - I l l  END CAP 

Figure 9. - Design of fuel p in  specimen used in 1040’ C pumped l i t h ium loop 
test. 

LT-1(2500 HR) LT-3 

I 

CS-59013 LT-5 (5000 HR) LT-6 LT-2 (7500 HR) 

Figure 10. - T-111 clad UN specimens from 104OoC l i t h ium loop. 
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